Division of
into alanine in ⌬N1 (Figure 1 ). While mutations of either PPPSP motif in ⌬N1a or ⌬N1b did not abolish (but reIt is unknown, however, how Wnt leads to LRP5/6/ Arrow activation. duced) signaling, mutation of the two motifs together in ⌬N1ab completely eliminated the activity in both axis Here we show that a PPPSP motif, which is reiterated five times in the intracellular domain of LRP5/6 and duplication and TCF/␤-catenin reporter assays ( Figure  1 ). These data suggest that PPPSP motifs are critical Arrow, is responsible for LRP6 activity in the Wnt/ ␤-catenin pathway and is sufficient to transfer the LRP6 for LRP6 function in ␤-catenin signaling. Indeed, a complementary LRP6⌬N variant, ⌬NG, which contains the signaling function to the LDL receptor (LDLR). The PPPSP motif, upon phosphorylation, provides a docking last three PPPSP motifs, is also fully active in both assays (Figure 1 ). site for Axin. Wnt stimulates LRP6 phosphoryaltion on the PPPSP motif, thus inducing the engagement of the We verified the function of PPPSP motifs in the wildtype LRP6. LRP6m5, which harbors alanine substituWnt coreceptor with Axin.
tion of the invariant S/T residue in all five PPP(S/T)P motifs in the full-length LRP6, was completely inactive Results in ␤-catenin signaling and was in fact a dominant inhibitor of Wnt function ( Figure 1E ). Thus LRP6m5 behaved PPPSP Motifs Are Required for LRP6 identically to LRP6⌬C, which lacks the cytoplasmic doSignaling Function main (Tamai et al., 2000) . We showed that LRP6⌬C, a LRP6 mutant lacking most of the intracellular domain, is a loss-of-function and in A PPPSP Motif Activates ␤-Catenin Signaling When fact dominant-negative mutant (Tamai et al., 2000) . We
Transferred to LDLR constructed a reciprocal mutant, LRP6⌬N, which lacks
We next transferred one of the PPPSP motifs (a in Figure  most Figure 1A ). We were surprised and intrigued to find that a LRP6⌬N derivative band or bands above the predicted molecular weight in Xenopus and 293T cells ( Figure 3A ; and data not shown). without these three PPPSP motifs, ⌬N1, still induced complete axis duplication and TCF/␤-catenin reporter Treatment of the embryo or cell extracts with phosphatase, but not with the phosphatase plus phosphatase expression (Figure 1 ). Thus we examined whether the two residual PPPSP motifs account for this signaling inhibitors, converted the upper band(s) to the lower predicted molecular size ( Figure 3B ). By contrast, LDLR⌬N-activity. Indeed, ⌬N2, which harbors a single PPPSP motif, also induced complete axis duplication and TCF/ PPPAP, -PPPAPx2, -AAASP, and -PPPSA, none of which has signaling activity, exhibited only a single band of ␤-catenin reporter expression, whereas ⌬N3, which lacks any PPPSP motif, was inactive in both assays the predicted molecular weight ( Figure 3A) . Thus, the PPPSP motif is phosphorylated at the serine residue, (Figure 1 ). We also mutated the conserved S/T residues but not the unphosphorylated, form of LDLR⌬N-PPPSP also co-IPed with Axin ( Figures 3D and 3E) . By contrast, ⌬N3, which does not have any PPPSP motif (Figure 1) , and -PPPSPx2 ( Figure 3C) . Thus, the phosphorylated PPPSP motif is a docking site for Axin. and LRP6⌬Nm5, which harbors an alanine substitution of the S/T residue in all five PPP(S/T)P motifs in LRP6⌬N LRP6⌬N and derivatives also exhibited higher molecular weight species in immunoblotting, possibly due to and is severely defective in signaling (data not shown), were poorly co-IPed with Axin ( Figure 3D and 3F) Figure 3D) , which represented the phosphorylated LRP6⌬N since phosphatase converted them into the thus suggested a model that Wnt stimulates LRP5/6 phosphorylation on PPPSP motifs, thereby creating expected molecular size, i.e., the unphosphorylated form ( Figure 3D ). By the same criteria, phosphorylated docking sites for Axin. We generated an antiserum specific for a phosphorylated PPPSP motif (a in Figure 1A) . ⌬N1, ⌬N2, and ⌬NG, which have two, one, and three different PPPSP motifs, respectively (Figure 1) , were Ab1490 (for phosphorylation at serine 1490 of LRP6) recognizes a synthetic PPPSP peptide in which the serWe demonstrated that a PPPSP motif, which is reiterated five times in the cytoplasmic domain of LRP5/6/ ine residue is phosphorylated, but not a control peptide Arrow, is necessary and sufficient for Wnt/␤-catenin sigthat has identical residues except for an unphosphorynaling. We further showed that phosphorylation of the lated serine (see Experimental Procedures). Indeed, PPPSP motif is critical for its signaling activity and Axin Ab1490 specifically detected the upper phosphorylated, binding, and that Wnt stimulates LRP6 phosphorylation but not the lower unphosphorylated, LDLR⌬N-PPPSP in vivo. These results suggest that Wnt activates trans-( Figure 4A ) and LRP6⌬N ( Figure 3D ; and data not membrane signaling by inducing LRP5/6/Arrow phosshown). Remarkably, stimulation of 293T cells with Wntphorylation at the PPPSP motifs, which provide phos3a-conditioned medium (CM) induced robust and rapid phorylation-dependent docking sites for and recruit Axin LRP6 phosphorylation at the PPPSP motif (Figure 4B) , to the plasma membrane, thereby regulating the Axin demonstrating a key biochemical alteration of a Wnt complex and thus ␤-catenin phosphorylation and degrareceptor component upon activation. dation ( Figure 4C ). Because a PPPSP motif represents a minimal funcDiscussion tional module that can bind Axin and fully activate ␤-catenin signaling, LRP5/6/Arrow appears to operate Our study has uncovered an activation mechanism for primarily by engaging Axin, although our study does not rule out the possibility that LRP5/6/Arrow may also bind Wnt coreceptor LRP6, and by extension, LRP5 and Arrow. 
